Introduction
Aberrant regulation of innate immune responses and uncontrolled cytokine bursts are hallmarks of acute and chronic inflammatory disorders [1] . Dysfunction of the mechanisms controlling inflammation can result in excessive production of inflammatory mediators, organ injury and shock [2, 3] . Monocytes and other leukocytes adhere in vivo to activated endothelium and are triggered to migrate into inflamed and infected tissue. When the adhered monocytes are brought in contact with infecting pathogens, they serve to mobilize the host response further through proinflammatory cytokine and chemokine release, and this will result in recruitment of additional immune cells. In vitro, monocyte adherence can be induced by a limited period of serum deprivation.
Deficiency in the intake of vitamin A is demonstrated to lead to enhanced production of proinflammatory cy-tokines and impair the ability of rat peritoneal macrophages to ingest and kill bacteria, clearly indicating that vitamin A represents an important factor for controlling human host responses [4] [5] [6] . All-trans retinoic acid (atRA), 9-cis retinoic acid (9cisRA) and 13-cis retinoic acid are derivatives of vitamin A [7] . Retinoic acids mainly act on immune cells through two nuclear receptors: the retinoic acid receptors (RARs) which may bind both atRA and 9cisRA, and the retinoid X receptors (RXRs) which bind 9cisRA only [8, 9] . Several other nuclear receptors known to regulate inflammation act as permissive or nonpermissive heterodimers with RXR, including liver X receptor (LXR), peroxisome proliferator-activated receptors (PPAR) and vitamin D receptor (VDR) [10] [11] [12] . In addition, RXR may function as a homodimer [7, 13, 14] . In studies examining the role of 9cisRA in the modulation of inflammation, it is reported that 9cisRA induces the suppression of inflammatory responses in mouse microglia and astrocytes, mouse splenic macrophages and in the human cell line U937 [15] [16] [17] .
The importance of adherent monocytes in the immediate response to infection motivated us to explore if 9cisRA altered the activity of freshly isolated and adhered human monocytes. We demonstrate that adherent monocytes are dominated by the CD14dimCD16+ subset, and that 9cisRA significantly reduced inflammatory responses to bacterial lipopolysaccharide (LPS) and increased the ability of adherent monocytes to induce migration of CD14highCD16-monocytes.
Materials and Methods

Materials
LPS derived from Escherichia coli O6:B26, 9cisRA and atRA were from Sigma-Aldrich (Sigma, St. Louis, Mo., USA). Recombinant human chemokine ligand (CCL)2 was purchased from PeproTech (Rocky Hill, N.J., USA).
Human Monocyte Culture
All human donors gave their informed consent and the study protocol was approved by the institute's committee on human research and thus met the standards of the Declaration of Helsinki [18] . Human adherent monocytes were prepared as previously described [10] . Peripheral venous blood was obtained from healthy volunteers and anticoagulated with heparin (30 IU/ml; Leo, Ballerup, Denmark). Peripheral blood mononuclear cells were isolated by density gradient centrifugation, using Polymorphprep (Axis-Shield Poc AS, Oslo, Norway) centrifugation according to the manufacturer's instruction. The peripheral blood mononuclear cell fraction was suspended in RPMI1640 (BioWhittaker Europe, Verviers, Belgium) with L -glutamine (2 m M ; GIBCO, Grand Island, N.Y., USA) and antibiotics (100 U/ml penicillin and 10 g/ ml streptomycin; GIBCO) without serum, and plated onto 96-well dishes for cytokine assay and 6-well dishes for mRNA isolation. Monocytes were allowed to adhere in the absence of serum for 90 min at 37 ° C/5% CO 2 before washing 3 times with medium to remove nonadherent cells. The adherent monocytes were then further cultured in RPMI1640/ L -glutamine/antibiotics and 10% fetal calf serum (GIBCO). Nonadherent monocytes for transwell migration studies were isolated from Buffy coats using Lymphoprep density gradient (Axis Shield Poc), and MACS Monocyte isolation kit II (Miltenyi Biotec, Gladbach, Germany). Monocytes were cultured for 18 h in RPMI1640/ L -glutamine/antibiotics/10% fetal calf serum prior to migration assay.
Flow Cytometry
Adherent monocytes grown on UpCell plates (Nunc AS, Roskilde, Denmark), to simplify cell release, and negatively selected nonadherent human monocytes were washed with PBS, blocked for 15 min in PBS with 10% AB human serum (Invitrogen, Grand Island, N.Y., USA) and human Fc blocking reagent (Miltenyi Biotec), followed by a 30-min incubation with fluorescein isothiocyanate (FITC)-conjugated anti-human CD14, phycoerythrin-conjugated anti-human CD16, or the appropriate isotype controls (all antibodies from ImmunoTools, Friesoythe, Germany). Cells were washed, counted on a FACScan flow cytometer device (FACSCalibur, BD Biosciences), followed by analysis of results with FlowJo 7.5 software (Tree Star Inc., Ashland, Oreg., USA).
Cytokine and Phosphoprotein Assays
Cytokines released from adherent monocyte cultures were measured in culture supernatants by a multiplex antibody bead kit (Luminex; Biosource, Camarillo, Calif., USA) according to the manufacturer's instructions. The CCL2 assay ( fig. 4 ) was performed using a FlowCytomix Human Basic kit and Human CCL2 Simplex kit (Bender MedSystems) and analyzed by FACSCalibur. Intracellular phosphoproteins in activated monocytes were assayed by the use of Bio-Plex phosphoprotein detection assay (BioRad Laboratories) according to the manufacturer's protocol.
Quantitative PCR
RNA was isolated from 6-well plates using the E.Z.N.A. Total RNA kit (Omega Bio-Tek, Doraville, Ga., USA). RNase inhibitor was added to the isolated RNA which was stored at -80 ° C for later analyses. From each sample, 50 ng of total RNA was reverse transcribed using TaqMan reverse transcription reagents (Applied Biosystems, Foster City, Calif., USA). Specific mRNA levels were assessed using the ABI Prism 7900HT (Applied Biosystems) with sequence-specific PCR primers. Real-time PCR was performed with 2 ! qPCR Master Mix for SYBR Green (Eurogentec, Liege, Belgium), 300 n M sense and antisense primers ( table 1 ), cDNA and dH 2 O up to 25 l. The specificities of all SYBR Green assays were confirmed by melting-point analysis. Levels of 18S rRNA (analyzed with 18S predeveloped assay reagents; Applied Biosystems) were used for normalization of target gene expression. All samples were run in triplicate; standard curves were run on the same plate, and the standard curve method was used to calculate the relative gene expression.
Transwell Migration Assay
Conditioned media from adherent monocytes were harvested and kept at -20 ° C. Prior to the experiments, the conditioned me-dium was diluted 2-fold in migration media (RPMI1640/1%BSA), added to the bottom well of 24-well migration plates (Costar, Lowell, Mass., USA), and allowed to equilibrate at 37 ° C/5% CO 2 for 1-2 h. Human nonadherent monocytes (2 ! 10 5 cells) were added to the top chamber in 5-m-pore size polycarbonate transwell inserts (Costar) and were allowed to migrate for 3 h in 37 ° C/5% CO 2 . Recombinant CCL2 (PeproTech) was used as migration control. Cells that had migrated to the lower chamber were collected and 10,000 reference beads (Bangs Laboratories, Fishers, Ind., USA) per sample were added. The migrated cells were counted by flow cytometry (FACSCalibur) and normalized to the internal bead control.
Statistical Analyses
Data are presented as mean 8 standard deviation (SD). Differences between the groups were analyzed using 1-way analysis of variance (ANOVA) for repeated measures with the NewmanKeuls or the Tukey comparison test. Migration data were analyzed using a paired t test. p ^ 0.05 was considered significant.
Results
Characterization of Adherent Monocytes
We wanted to characterize the monocyte subsets present in the adherent monocyte cultures compared with negatively selected monocytes, and performed a CD14/ CD16 flow cytometry analysis. We found that adherent monocyte cultures contained about 60% of the CD14dimCD16+ monocyte subset whereas only 20% of the cells were of the main blood monocyte population (CD14high) ( fig. 1 a) . In contrast, CD14dimCD16+ monocytes were nearly absent from the cell population arising from the isolation of 'untouched' monocytes (negative selection, MACS Miltenyi), which was clearly dominated by CD14high cells (70%) ( fig. 1 b) . Both cultures contained about 20% of cells that were either CD14dimCD16-or negative for both markers.
9cisRA Pretreatment Alters LPS-Induced Cytokine and Chemokine Release in Monocytes
In order to explore whether 9cisRA attenuates inflammation, adherent human monocytes were treated with 9cisRA (0.1 or 1 M ) or the solute DMSO (1: 1000, control) 1 h before LPS stimulation (1 g/ml). Plasma was harvested after 6 h, and a panel of cytokines and chemokines was measured by luminex assay. 9cisRA pretreatment led to a significant reduction of the LPSinduced levels of tumor necrosis factor ␣ (TNF ␣ ) by about 80% after 6 h ( fig. 2 fig. 2 f) was observed, indicating that 9cis-RA did not strongly affect granulocyte attraction. Other chemokines that were not regulated by 9cisRA in our assays were CXCL10/IFN-␥ -inducible protein-10, CXCL9/ monokine induced by IFN-␥ , CCL11/eotaxin and CCL5/ RANTES (data not shown). The production of IL-1 ␤ seemed not to be affected by 9cisRA stimulation ( fig. 2 g ). Other cytokines tested that were not affected were IL1Ra, IL-2, IL-2R, IL-4, IL-5, IL-7, IL-12, IL-13, IL-15, IL-17, IFN-␣ , IFN-␥ and granulocyte/macrophage colonystimulating factor (data not shown). In parallel experiments, we also tested the combined effect of 9cisRA (1 M ) and the LXR agonist GW3965 (0.3 M , GlaxoSmithKline). The LXR agonist did not have any additional effect on cytokine expression in combination with 9cisRA (data not shown).
9cisRA Pretreatment Alters LPS-Induced Cytokine mRNA Levels
To study if the 9cisRA-mediated suppression and upregulation of cytokine and chemokine release was due to transcriptional or posttranscriptional mechanisms, we isolated RNA from adherent monocytes treated with LPS for 2 h with or without 9cisRA pretreatment. By quantitative RT-PCR, we measured whether mRNA levels of TNF ␣ , IL-6, CCL3, CCL4 and CXCL8 were affected by 9cisRA treatment. LPS-induced TNF ␣ , IL-6, CCL3 and CCL4 mRNA were significantly downregulated by pretreatment with 9cisRA ( fig. 3 a-d) , whereas the mRNA level of CCL2 was significantly upregulated ( fig. 3 e) . The mRNA level of CXCL8 ( fig. 3 f) was not affected by pretreatment with 9cisRA.
No Effects of 9cisRA Were Found on Phosphoproteins Involved in LPS Signaling
Knowing that 9cisRA modulates inflammatory responses to LPS at the mRNA level, we questioned if there were changes in the activation of LPS-induced phosphorylation of protein kinases upstream of nuclear factor (NF) B/activation protein-1. Adherent monocytes pretreated for 1 h with 9cisRA followed by LPS for 20 min were analyzed for phosphoproteins by Bio-Plex assay. Our results ( fig. 4 ) did not indicate that 9cisRA had any effects on the activation of extracellular signal-regulated kinase (ERK), inhibitor of nuclear factor B (I B), c-Jun N-terminal kinase (JNK) or p38 mitogen-activated protein kinase (MAPK) within the first 20 min of activation ( fig. 4 ). There was similarly no effect on signaling kinases when 9cisRA (1 M ) was combined with GW3965 (LXR agonist, 0.3 M ) (data not shown).
atRA and 9cisRA Both Upregulate CCL2 9cisRA may function as an agonist of both RXR and RAR. It has previously been posted that atRA, which is a specific RAR agonist, reduces the mRNA levels of CCL2 in the monocyte cell line U937 [18] . Since we found 9cisRA to have the opposite effect in our studies and since 9cisRA and atRA may act as competing agonists of the same nuclear receptor, we compared their effect on CCL2 in human primary cells. showed the same trend in inducing CCL2 in our experiments ( fig. 5 ), albeit that only 1-M 9cisRA significantly induced LPS-mediated CCL2 release.
Treatment of Adherent Monocytes by 9cisRA Induces Migration of CD14high Monocytes
The finding that CCL2 production by human monocytes is increased when the cells are pretreated with 9cisRA and atRA made us eager to investigate the potential that 9cisRA-and atRA-treated cells may have on the migration of CCL2-sensitive monocytes. Transwell chemotaxis of monocytes towards conditioned media from cells that were incubated with either 9cisRA, atRA, LPS or DMSO (control) for 6 h was assessed by flow cytometry. Figure 6 a shows that monocytes are recruited significantly towards conditioned media from cells treated with 9cisRA, compared to conditioned media from cells cultured with DMSO or LPS. The same tendency, although not significant, was shown for atRA. The CCL2, CCL3, CCL4, TNF ␣ , IL-1 ␤ and IL-6 levels in the conditioned media were quantified by a luminex assay, and results show that CCL4 ( fig. 6 e) , TNF ␣ ( fig. 6 f) and IL-6 ( fig. 6 h) were significantly upregulated only when LPS was added. CCL3 ( fig. 6 d) and IL-1 ␤ ( fig. 6 g ) also tended to be upregulated by LPS. The CCL2 level ( fig. 6 c) tended to increase only in the supernatants from cells stimulated by retinoic acids. To test whether CCL2 alone could promote chemotaxis of the human monocytes, we induced chemotaxis towards media containing 10, 100 or 1,000 ng/ml recombinant CCL2 ( fig. 6 b) . We found a bellshaped migration curve, with a significant migration towards 100 ng/ l CCL2 only ( fig. 6 b) . We measured mean . CCL2 tends to be induced by both 9cisRA and atRA in combination with LPS stimulation. Cultured human adherent monocytes from 5 separate donors were exposed to saline or LPS (1 g/ml) alone or after a 1-hour pretreatment with 9cisRA, atRA or DMSO (control). After 6 h, the supernatants were harvested. The level of CCL2 was measured using a Flow Cytomix bead-based assay. * p ^ 0.05. CCL2 levels of about 5 ng/ml in the conditioned media, indicating that CCL2 may be involved, but is probably not the only chemokine responsible for increased chemotaxis. CCL3 and CCL4, which also function as monocyte attractants, were decreased by 9cisRA. A test of CCL2 blocking, with the CCL2-blocking antibody 2H5 (20 g/ml, AH diagnostics) used as reported [19] , revealed a blocking of cell migration towards the conditioned media from 1 out of 3 donors (two migration experiments performed per donor, data not shown), indicating donor variations and that, in addition to CCL2, other chemokines are likely to be involved.
Discussion
In vitamin A deficiency, increased systemic inflammation along with a decreased capacity to eradicate infection is described, effects that may be counteracted by vitamin A supplements [4] . Freshly isolated and adhered primary human monocytes present an attractive model to facilitate the study of immediate human monocyte responses. We show that the adherent monocytes in our study are strongly enriched in the CD14dimCD16+ monocyte subset. This subset, which represents only about 10% of the total monocyte population in healthy human blood, is shown to be strongly increased in acute inflammatory conditions like sepsis, autoimmune diseases like rheumatoid arthritis and diabetes and in conditions accompanied by chronic pain [20] [21] [22] . It has also been proposed that CD14dimCD16+ monocytes develop from classical CD14high monocytes [23] and exhibit a greater ability to adhere to endothelium [24] . Our data indicate that isolating adherent monocytes may be a simple way of strongly enriching the CD14dimCD16+ monocyte population in vitro. CD14dimCD16+ monocytes have been demonstrated to be particularly inflammatory and to be effective producers of TNF ␣ , while partly deficient in the production of anti-inflammatory IL-10 [25, 26] . Our data clearly show that 9cisRA has a significant inhibitory effect on the production of TNF ␣ and other central proinflammatory cytokines and chemokines in adherent monocytes, a regulation occurring at the transcriptional level. It has previously been reported that 9cisRA changes the inflammatory mediator release of the human monocyte cell line U937 [16] , primary mouse microglia, astrocytes and splenic macrophages [15, 17] , as well as murine myelin basic protein-specific T cells [27] . We also found that 9cisRA inhibits IL-10 production, but that the IL-10 level produced by the adherent monocytes in response to LPS after 6 h is low (20-30 pg/ml). Whereas normal IL-10 plasma levels range from 0.2 to 10 pg/ml, the commonly used IL-10 levels for studying the anti-inflammatory effects in in vitro assays are in the 1-10 ng/ ml range [28] . However, IL-10 may increase over time. 9cisRA is reported to bind all three isoforms of RXR (RXR ␣ , ␤ and ␥ ) [29, 30] . In human monocytes, RXR ␣ is the dominating isoform, and the dominating RXR partners are RAR ␣ , VDR, LXR ␣ , LXR ␤ and PPAR ␦ [31] .
The 9cisRA-mediated reduction of proinflammatory mediator production that we observed at the mRNA level corresponds well with effects on protein release, with an exception for TNF ␣ . Interestingly, the release of TNF ␣ protein was affected more strongly by 9cisRA compared to TNF ␣ mRNA expression, suggesting that regulation at the posttranscriptional level also may also be involved.
Several studies suggest that vitamin A deficiency causes increased inflammation, most likely mediated by macrophages [5, 32] , and one of these studies showed that vitamin A supplementation led to an attenuation of TNF ␣ in serum and whole blood ex vivo [33] . Even though vitamin A deficiency enhanced the proinflammatory response, it is also reported that a deficiency causes an impaired host response by reducing the phagocytic capacity in rat peritoneal macrophages [6] . Together, these data suggest that complications related to infection may increase in severity in vitamin A-deficient subjects, along with an increased systemic inflammatory response.
In 2008, Lee et al. [34] found that inhibition of NF Bdependent genes by activating RXR with 9cisRA involved direct antagonism of NF B signaling in a bronchial epithelial cell line. The same year, Austenaa et al. [16] concluded that atRA inhibits LPS-induced NF B activation in mice in vivo and in the human cell line U937. The pro- Fig. 6 . Stimulation of adherent monocytes by 9cisRA increases their ability to induce migration of classical monocytes. Adherent monocytes isolated from 7 separate donors were treated with 9cisRA (1 M ), atRA (1 M ), DMSO (0.1% control) or LPS (1 g/ml) for 6 h. The conditioned media from the adherent monocytes were used for assaying migration of nonadherent monocytes from 5 different donors, through 5-m transwell filters. Migrated cells were counted by flow cytometry. Relative migration towards the conditioned media from adherent monocytes ( a ) or towards medium containing doses of 10 ng/ml (n = 2), 100 ng/ml (n = 5) and 1,000 ng/ l (n = 2) of recombinant human CCL2 ( b ). c-h Levels of CCL2, CCL3, CCL4, TNF ␣ , IL-1 ␤ and IL-6 in the conditioned media were measured by luminex assay. * p ^ 0.05, * * p ^ 0.01 -relative to control (DMSO).
9-cisRA Alters Adherent Monocyte Functions totypical proinflammatory transcription factor NF B plays an essential role in conveying the innate response to endotoxins and cytokines [35] . In our study, we found no effect of 9cisRA pretreatment on the LPS-mediated phosphorylation/activation of I B, ERK, JNK and p38 MAPK within the initial 20 min after LPS stimulation. As I B phosphorylation precedes the nuclear translocation and activation of NF B, our results indicate that the effect of 9cisRA on NF B found by others is regulated downstream of I B phosphorylation. Studies in human monocyte cell lines and epithelial cell lines find inhibition of NF B within the nucleus, possibly at the target promoters. Ko et al. [36] reported in 2007 that 9cisRA in the absence of LPS induces both MAPK and ERK activation in the human monocyte cell line THP-1 peaking at 2 h. We did not observe such effects in primary monocytes in our experiments (data not shown), after the 1-hour pretreatment by 9cisRA. We did not check for further long-term effects.
Although the inflammatory monocyte chemoattractants CCL3 and CCL4 were also significantly attenuated by 9cisRA in our experiments, we found a strong upregulation of CCL2 by 9cisRA. Although other monocyte chemoattractants exist and may be relevant, this switch from CCL3/CCL4 to CCL2 indicates a shift in monocyte attraction based on chemokine receptor expression, from the CCL3/CCL4 receptor CCR5 to the CCL2 receptor CCR2. In the in vivo situation, CCL2 is upregulated at sites of infection and participates in the regulation of migration and infiltration of monocytes and macrophages [37] . In such acute situations it is important to have an effective recruitment of immune cells to the foci of infection, in order to control pathogens. However, high concentrations of CCL2 are also correlated with chronic inflammatory conditions like inflammatory bowel disease, allergic asthma and rheumatoid arthritis, where the function and importance of CCL2 is more obscure [37] . Interestingly, whereas classical CD14high monocytes express the CCL2 receptor CCR2, adherent monocytes have been reported to not express this chemokine receptor and are not likely to migrate in response to CCL2 [38] .
Activation of RAR may be stimulated by both 9cisRA and atRA [29] . It has been reported that atRA downregulates CCL2 in the human monocyte cell line U937 [16] . When we tested this in adherent human monocytes, we found no difference in the effects of 9cisRA and atRA on CCL2. Induction of CCL2 by 9cisRA has previously been demonstrated in the monocyte cell line THP-1 [39] , and another study performed in acute promyelocytic leukemia (APL) cells and alveolar cells shows that the secretion of CCL2 is enhanced by atRA treatment in both cell types, in line with our results [40] . Upregulation of CCL2 by atRA has also previously been reported in APL cells [41] . In the study by Tsai et al. [40] , upregulation of CCL2 production in the lung cells caused an enhanced transmigration of APL cells towards alveolar epithelial cells, indicating that CCL2 plays an important role in the acute respiratory distress syndrome caused by atRA treatment in patients with APL. In a situation with a local infectious focus as the triggering factor, monocytes that have adhered and translocated to the site of infection may use a similar mechanism to increase the influx of monocytes to the region. In our study we find that conditioned media from adherent monocytes treated with 9cisRA increased the migration of classical CD14high monocytes. CCL2 is a candidate for the increased migration observed, but it is not the only candidate. We did not succeed in obtaining clear results by blocking CCL2, nor did we obtain equal migration efficiency with similar doses of recombinant CCL2, indicating that other monocyteattracting chemokines may be expressed in the conditioned media from adherent monocytes exposed to 9cisRA and may be involved in inducing migration.
We conclude from this work that 9cisRA can act as a potent modulator of the inflammatory response of primary human adherent monocytes, dominated by the CD14dimCD16+ inflammatory monocyte subset. 9cisRA treatment also led to the ability to induce migration of classical monocytes. The loss of this retinoic acidinduced activity may, at least in part, contribute to some of the complications observed in vitamin A-deficient patients.
